Abstract:
Introduction
The flash point (FP) is one of the most important flammability characteristics of liquids and low-melting substances. Knowledge of the flash points is important for classification of materials according to the classes defined in each particular regulation [1, 2] and has great practical significance in handling, transport, storage and packaging of these materials. The flash point is defined as the "lowest temperature (corrected to a pressure of 101.3 kPa) at which the application of an ignition source causes the vapors of a sample specimen to ignite under specified testing conditions [3] .
Flash points are determined experimentally by heating the liquid in a container and then introducing a small flame just above the liquid surface. The temperature at which there is a flash/ignition is recorded as the flash point. Two general methods are called closed-cup and opencup [4, 5] . The closed-cup method prevents vapors from escaping and therefore usually results in a flash point that is a few degrees lower than in an open cup. Because the two methods give different results, one must always list the testing method when listing the flash point.
Flash points of common pure chemical substances are widely reported, but very limited data are available for mixtures.
Since the experimental measurement of flash point is expensive and time consuming, predictive theoretical methods are required to estimate the flash points of both pure components and mixtures.
Several prediction models are presented in the literature for the prediction of mixture flash point. Wickey et al. [6] reported a method for calculating the flash point of miscible, ideal solutions of petroleum blends. Catoire and Paulmer [7] proposed a model for total miscible combustible solvent blends. McGovern studied a method [8] for estimating the flash points of mixtures of oxygenated and hydrocarbon solvents and petroleum distillates. Affens and McLaren [9] suggested the model for ideal solution by the lower flammability limit (LFL) temperature dependence assumption; White [10] simplified the Affens model by ignoring the temperature dependence of LFL. have reported a series of models, which could be used for predicting the flash points for ideal and non ideal solutions. The basic assumption in these models is that the liquid phase is in equilibrium with the vapor. The non-ideality of the liquid phase is accounted by liquid-phase activity coefficients by means of thermodynamic models. The activity coefficient is a dimensionless parameter that measures the deviation from ideality in a mixture. Some of the models that can be used to obtain the activity coefficients are: Margules In general, Liaw et al.'s model is the most frequently used, but accuracy of predicted mixture flash points depends on the reliability of input data.
The flash points of three binary mixtures, 1-propanol + 1-pentanol, 4-methyl-2-pentanone (MIBK)+1-butanol and ethanol + aniline, were measured by PenskyMartens closed cup tester, and compared with the values calculating by using Liaw`s model. The activity coefficients were estimated by using the Raoult's law, Wilson and NRTL equations.
Experimental procedure
The experimental data was obtained using the PenskyMartens closed cup tester ( Fig. 1 ) model PM 1, SUB (Berlin, Germany).The closed cup tester was operated according to the standard test method, EN ISO 2719 [22] .
The mixture was heated at a rate of 1.5ºC min -1 with continual stirring. The temperature control was sustained by electrical heating. Tester thermometer having a range from -7º to +110º C was used. The ambient barometric pressure was observed and recorded at the time of the test. When the pressure differed from 760 mm Hg (101.3 kPa), the flash point was corrected as follows:
Corrected flash point = T 0 +0. 25(101.3 -P) where T 0 is the observed flash point (ºC); P is barometric pressure (kPa).
The mole fraction of each component was determined by measuring the mass using a Sartorius digital balance (sensitivity 0.0001 g, maximum load 100 g). The sample was prepared and transferred to the cup of the apparatus at least 10ºC below the expected flash point. The sample was not stirred while the flame was lowered into the cup. The flash point was the temperature at which the test flame application caused a distinct flash in the interior of the cup. The measured value was the mean of two measurements which do not differ by more than 2ºC.
All materials used in this study were purchased from Merck and Fluka. Purities were at least 99.5% (analytical grade) for all compounds used for these experimental flash point determinations.
Results and discussion
The flash point of a binary mixture can be estimated by the model developed by Liaw et al. If the mixture is an ideal, Eq. 1 becomes:
The temperature that satisfies Eqs. 1 or 2 is the flash point temperature of the mixture.
The vapour pressure, The activity coefficients, , were estimated by the Wilson equation and the NRTL equation. The estimated activity coefficients were subsequently used to predict the corresponding flash points. In addition, it is necessary to input the flash points of the pure components into such a model to predict the flash point of a mixture. The pure compound data are listed in Table 1 .
The parameters of the Wilson and NRTL equations were also from the literature [25] [26] [27] . It is well known that these parameters are obtained by regression of the experimental data for such binary mixtures and are listed in Table 2 .
The measured flash points of studied binary mixtures and those predicted by Liaw's model are presented in Tables 3-5 respectively, where ΔT fp = |T experimental -T predicted |.
In Figs. 2-4 , the flash point variation between the model predictive curves and the experimentallyderived data for the binary solutions are compared. Most liquid mixtures made of members of homologous series are practically ideal. The propanol-pentanol mixture exhibits no deviation from ideal behavior and no azeotropes are present [27] . This mixture has properties that can be predicted with a simple mixing rule that ignores interactions among the individual components because these chemicals are very similar. Fig. 2 shows that predicted results by the Wilson equation and as ideal solution (Raoult's law; activity coefficients equal unity) are in excellent agreement with the experimental data. On the other hand, the NRTL model predicts flash points which differ considerably from experimental data even if the mixture exhibits minimum flash point behavior.
Similar results can also be seen for ethanol-aniline mixture (Fig. 3) . Experimental data for the ethanolaniline mixture were taken from the literature [28] . The Wilson and NRTL predicted values are lower than the experimental values measured. As indicated in Fig. 3 , the values in the complete set of flash point experimental data are lower than those calculated for the corresponding ideal mixture. This indicates the positive deviation of the mixture from ideal behavior. In other words, the volatility of this mixture is higher and its boiling point lower than the corresponding values estimated for ideal mixtures of the same components. The formation of this mixture is associated with the predominance of repulsive interactions. Nevertheless, Table 5 . Experimental flash points and predictions for 4-methyl-2-pentanone (1) +1-butanol (2). In the prediction model, it was assumed that the vapour phase and liquid phase of a solution are in equilibrium. The predicted data was only adequate for the data determined by the closed cup test method, and may not be appropriate to apply to the data obtained from the open cup test method because of its condition of having deviated from the vapour-liquid equilibrium.
Conclusions
The flash points of binary mixtures containing alcohols, 1-propanol + 1-pentanol, 4-methyl-2-pentanone (MIBK) +1-butanol and ethanol + aniline, were measured by Pensky-Martens closed cup tester. The experimental data were compared with values calculated by using Liaw`s model. The activity coefficients were estimated by the Wilson equation and the NRTL equation. For the 4-methyl-2-pentanone + 1-butanol mixture, all the predictions agree with the experimental data. Significant deviations were observed for the other two mixtures when Wilson and NRTL models are used. However, the calculated values based on the Wilson equation were found to be better than those based on the NRTL equation. 
